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1. Abstract
The goal of this thesis is to determine the conditions that give the highest yield of indigo
and indirubin in recombinant E.coli. This E.coli has been transformed with a P450 gene from
woad, an indigo producing plant. The conditions investigated were the type of media, the
amount of inducer, the presences of supplements, and the induction time. The techniques used
during the experiments were liquid-liquid extraction using separatory funnels and centrifugation,
rotary evaporation, UV-vis spectrophotometry, and thin layer chromatography. Thin layer
chromatography showed that the products of the reaction are indigo and indirubin; UV-vis
spectrophotometry was used to find the absorbance at different wavelengths, which were used to
calculate the concentration of indigo and indirubin in each sample, and determine the conditions
that gave the highest yield. These conditions were found to be TB for the medium, 40 µL of
IPTG, the presence of supplements, and 96 hours for the induction time.

2. Introduction:
Indigo is one of the earliest and most popular dyes known to man, dating back to the
Egyptian and Roman civilizations. It is one of the most stable organic dyes, which explains not
only its wide use in antiquity but also its longevity as a colorant (Seixas De Melo et al., 2004).
Indigo is derived from the spontaneous, non-enzymatic dimerization of isatin and indoxyl.
These two indole precursors are found either free or conjugated to carbohydrates in various
natural sources, such as indigo producing plants, gastropod mollusks, and the urine of mammals
including man (Meijer et al., 2007). It is generally extracted from various species of Isatis,
Indigofera and Polygonum plants. These plants contain a glucosidic precursor (indoxy-β-Dglucoside, "plant indican") that can be converted to indigo by hydrolysis and oxidation (E. M. J.
Gillam et al., 2000). Oxidation of indoxyl can also lead to formation of other pigments, such as
indirubin, which displays red hues, as opposed to indigo which is deep blue.
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As an alternative source of indigo, E. coli has been engineered to express the enzyme
tryptophanase to produce more indole, and a naphthalene dioxygenase to convert indole to
indoxyl and indigo, with isatin and indirubin as side products. An isatin hydrolase is coexpressed in the industrial bacterial system to control the level of isatin, and thus reduce the
concentration of indirubin, which comes from the coupling of isatin and indoxyl (E. M. Gillam
et al., 2001). Although an unwanted side product in indigo production, indirubin has positive
effects on various diseases including cancer, and is the active component of ‘Dang Qui Long
Hui Wan,’ a traditional Chinese herbal medicine (Lee et al., 2013).
Some researchers are also trying to find an efficient process of producing indirubin in high
purity and yield. Non-recombinant E.coli used as a whole cell enzyme along with indican has
been used to produce indirubin. In recent studies, attempts to compare the yield and purity of
indirubin were conducted under various pH, temperature and culturing conditions. It has been
observed that, under the optimum conditions, the yield was reliably determined to be about 2535%, and which further increased (1.8-2.1 fold) upon replenishment the catalyst with freshly
prepared whole cells (Lee et al. 2011). Since the established method was simple and
reproducible, improvement of whole cell enzymes and development of scale-up processes can
lead to efficient production of high purity indirubin (Lee et al. 2011).
The Gillam and Guengerich groups have demonstrated the capacity of the P450/NADPHP450 reductase system to catalyze the oxidation of indole to a variety of products. They
proposed the following mechanism of pigment formation: bacterial tryptophanase degrades
tryptophan to indole, which is then used as a substrate in a P-450-catalyzed monooxygenation
reaction, followed by dimerization of indoxyl to produce indigo and the pink pigment indirubin
(Rosic, 2009).
Other studies have demonstrated that certain P450s, when coexpressed in bacteria with the
protein the human NADPH-P450 reductase (hNPR), were able to oxidize indole to indoxyl, and
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form indigo, along with other products, including isatin and indirubin. While isatin resulted
from the further oxidation of indoxyl, indirubin was the dimerization product of isatin and
indoxyl. Where indoxyl formation is rapid, indigo formation is potentiated. When the rate of
indole oxidation is relatively slow, more indoxyl is converted to isatin before dimerization, and
indirubin becomes the predominant pigment (E. M. Gillam et al., 2001).
The production of the major products from indole by human P450 CYP2A has been
studied; at each indicated time point, a reaction aliquot was withdrawn and extracted with
dichloromethane to stop the reaction and the products, which were concentrated and analyzed
using high performance liquid chromatography (HPLC). Indoxyl was detected in the early
portion of the experiment (1-2 minutes) while indigo formation showed a lag and began within 2
minutes. The time course for indoxyl and indigo were concluded to be related. Oxindole
appeared to be the major primary oxidation product of indole. Isatin was formed from indole in
similar conditions and it was observed that isatin was rapidly reduced to dioxindole (E. M. J.
Gillam et al., 2000).
It has also been found that cysteine plays an important role in indirubin and indigo
production. For example, cysteine increases indirubin production when added to a tryptophancontaining medium. Since indigo is formed by dimerization of two indoxyl molecules under
non-enzymatic conditions, it is not surprising that cysteine also enhances the synthesis of 2hydroxyindole instead of indoxyl, which contributes to increase indirubin production. It has also
been found that the optimal culture conditions for indirubin production in tryptophan medium
determined from the response surface methodology analysis were 2g/L tryptophan, 5g/L yeast
extract, 10g/L NaCl, 0.36g/L (3mM) cysteine, at pH 8.0 and a temperature of 35°C. Under these
conditions, the recombinant E. coli cells were capable of producing 223.6mg/L of indirubin
from 2g/L of tryptophan (Han et al., 2012).
In order to optimize indirubin and indigo production by newly isolated phenol-degrading
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bacterial strain (designated as QM and identified as Pseudomonas sp.), a Plackett-Burman
design and response surface methodology were used. Under the optimal conditions, the QM
strain can produce 27.20 mg/L indigo after 24 h cultivation at 30 °C, which was 151.3% higher
than that from the initial conversion condition. The results indicated that Pseudomonas sp. QM
should be a potential candidate for industrial production of indigo and indirubin (Voet et al.,
2013).
As mentioned earlier, indirubin suppresses cancer. It has been demonstrated that indirubin3'-monoxime (I3M), a potent cyclin-dependent kinase inhibitor, has therapeutic effects in other
cancer cells. Since I3M induced apoptosis and autophagy in human lymphocytic leukemia cells
and caused few side-effects in healthy lymphocytes and granulocytes, I3M may be useful for
clinical anti-acute lymphoblastic leukemia (ALL) therapy (Lee et al., 2013). Moreover, survivin
has been identified as a target protein in I3M-treated oral cancer cells. Using an oral cancer
mouse model, it has been demonstrated that topical application of an adhesive gel composed of
I3M and poly(vinyl alcohol) (I3M/PVA) has dose-dependent anti-tumorigenic effects. Results
suggest that topical application of I3M, a drug synthesized from indirubin, which is found in
Qing-Dai, has therapeutic potential for treating oral cancer, the fourth most common cause of
death from cancer in Taiwanese men (Lo & Chang, 2013).
The most important problem when it comes to cancer is the process of metastasis. A
derivative of indirubin, 6-bromo-indirubin-3'-oxime (6BIO), has been proven to act as an
antimetastatic agent inhibiting the adhesion, migration, and invasion of a variety of metastatic
cell types. Recent findings illustrate that the antimetastatic activity of 6BIO acts on the basis of
its ability to simultaneously inhibit several kinase cascades involved in metastasis of cancer cells
supporting the concept of "polypharmacology" in developing drugs to attack metastasis, which
is the most deadly aspect of cancer (Braig et al., 2013).
In the reaction taking place in this experiment, P450 plays a really important role. P450s
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belong to a superfamily of heme-containing enzymes that constitute one of the most diverse and
ancient enzyme families known. There are over 1,500 known P450 genes distributed in 237
families in archaea, bacteria, simple eukaryotes, plants, and animals, at all levels of the
phylogenetic tree (E. M. Gillam & Guengerich, 2001).
The P450 enzymes involved in drug metabolism are among the most versatile biological
catalysts known. A small number of discrete forms of human P450 are capable of catalyzing the
monooxygenation of a practically unlimited variety of xenobiotic substrates, with each enzyme
showing a more or less wide and overlapping substrate range. This versatility makes P450s
ideally suited as a starting point for engineering designer catalysts for industrial applications. It
has been observed that, in the course of heterologous expression of P450s in bacteria, blue
pigments are unexpectedly formed. Although this was initially assumed to be an artifact, it was
later shown that indole is converted to indoxyl through the action of a P450 (E. M. Gillam &
Guengerich, 2001).
The goal of this thesis is to determine the conditions which give the highest yield of indigo
and indirubin in recombinant E.coli, which is a gram negative bacterium that produces indole.
The reason why Escherichia coli is widely used for this purpose is because it is a convenient
host for heterologous protein expression with several advantages, including its high level of
heterologous gene expression, scalability of experiments, low cost, fast growth, lack of posttranslational modification and an ability to express labeled proteins (Tolia & Joshua-Tor, 2006).
The cell wall of E.coli and other gram negative bacterium contains penicillin-binding proteins
and autolytic enzymes, making it susceptible to penicillin related antibiotics, such as ampicillin
(Fix, 2014).
We are going to study the differences between indigo and indirubin production in E. coli in
two media: Terrific Broth (TB) and Luria Broth (LB). Terrific broth (TB) was developed by
Tartoff and Hobbs to increase yields in plasmid bearing Escherichia coli. It is an enriched
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medium, which helps the recombinant strains of E. coli maintain an extended growth phase. The
large amount of tryptone and yeast extract in the medium allows the bacteria to produce a higher
plasmid yield. The tryptone and yeast extracts also provide additional nutrients and growth
factors required for enhanced growth of recombinant strains of E. coli. Glycerol is added as an
additional carbohydrate source in this medium. The potassium phosphates are present to prevent
a drop in the pH of the medium during bacterial growth (Atlas, 2010).
Luria Broth (LB) is a nutritive rich medium designed for growth of pure cultures of
recombinant strains. E. coli grows well in this medium because the tryptone and yeast extracts
supply essential growth factors such as nitrogen, carbon, sulfurs, minerals and vitamins that the
microorganism would otherwise have to synthesize. Sodium chloride supplies essential
electrolytes for transport and osmotic balance. Sodium chloride level in LB is five times higher
than in LB Broth (Lennox) (Cat. 1231) and twenty times higher than in Luria Broth (Miller’s
Modification) (Cat. 1266), which allows selecting the optimal salt concentration medium for a
specific strain (Myers, 2009).
An autoclave is used during the procedure when making the LB and TB media. The
autoclave is used to sterilize these solutions by subjecting them to high pressure. Often an
antibiotic is added to the sterilized medium to select for cells that contain a specific genetic
element such as a plasmid or a gene disruption via an antibiotic resistance cassette. IPTG
(isopropyl-beta-D-thiogalactopyranoside) is sometimes added to induce expression of genes
controlled by the lac promoter, which would be the case in these experiments (Padmanabhan et
al., 2006).
IPTG is a mimic of allolactose, which is a metabolite that triggers transcription of the lac
operon and is, therefore, used to induce protein expression when the gene is under the control of
the lac operon. The lac operon is composed of genes under the control of a promoter that are
required for transport and metabolism of lactose in Escherichia coli. The lac operon has 3
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adjacent genes that code for different proteins: lac Z codes for β-galactosidase, which is the
enzyme that metabolites lactose. LacY codes for lactose permease, which is a protein membrane
that allows lactose to enter the cell when needed. Lac A, which codes for another enzyme called
thiogalactosidase transacetylase (Patterson, 2009).
Ampicillin is one of the materials used in the experiments. It is a beta-lactam antibiotic that
is part of the aminopenicillin family. By binding to specific penicillin-binding proteins (PBPs)
located inside the bacteria cell wall, ampicillin inhibits the third and last stage of bacterial cell
wall synthesis. Cell lysis is then mediated by bacterial cell wall autolytic enzymes such as
autolysis (Han et al., 2012). Ampicillin is used to kill all the bacteria that do not have the
ampicillin resistant gene so that only the bacteria with the ampicillin resistance gene survive.
Our gene of interest (PItB24) is cloned into a plasmid containing the ampicillin resistance gene
so that only the bacteria containing PItB24 grows in ampicillin-containing media.
PItB24 is a P450 gene isolated from woad (Isatis tinctoria), which is a plant that makes
indigo. Woad contains isatan B and indican as major and minor indigo precursors, respectively.
In old leaves of the plant, precursors are broken down by hydrolases when the leaves are
damaged and exposed to the air. The liberated indoxyl is spontaneously oxidized by oxygen
yielding indigo. Isatin is generated from indoxyl in an oxygen-rich environment as a side
product. The condensation of indoxyl with isatin produces indirubin, which is a pinky-red
pigment similar in structure to indigo blue (Linn et al., 2011). Previous studies have found that
indole is the precursor of both indigo and indirubin in plants.
The conditions that are going to be changed during the experiments are the type of media,
the supplements, the amount of the inducer IPTG, and the induction time. The induction time is
the amount of time in which the reaction takes place. The times that are going to be studied are
24, 36, 48, 72, and 96 hours. The supplements used during the experiments are thiamine and δaminolevulinic acid. Thiamine, or vitamin B1, is involved in carbohydrate, fat, amino acid,
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glucose, and alcohol metabolism. It serves as a coenzyme in the form of thiamine pyrophosphate
(TPP), which is the active form of thiamine, in a variety of processes. TPP is regenerated via the
donation of a proton from the reduced form of nicotineamide adenine dinucleotide (NADH).
Folic acid, or vitamin B9, is essential for having enough dihydrofolate reductase to regenerate
NADH from its oxidative form. This regeneration allows NADH to continue to be present to
regenerate TPP without being consumed in the process. If folic acid is deficient in cells, it
causes an indirect thiamine deficiency because thiamine is present but cannot be activated
(Atlas, 2010).
The other supplement used in the experiments is δ-aminolevulinic acid, which is the first
compound in the porphyrin synthesis pathway, which leads to heme in mammals, and
chlorophyll in plants (Wachowska et al., 2011). Porphyrins are organic compounds, many
naturally occurring. Heme is the porphyrin pigment in red blood cells. Heme is a cofactor of the
protein hemoglobin, as well as cytochrome P450 enzymes.
Diverse techniques during the experiments are going to be used; techniques such as thin
layer chromatography (TLC) in order to demonstrate that the reaction gives me indigo and
indirubin, and ultraviolet-visible (or UV-vis) spectrophotometry in order to analyze the samples
and be able to calculate the concentration of the products of interest.
Chromatography is the separation of two or more compounds in a mixture by distribution
between two phases, one which is moving and the other which is stationary. These two phases
can be solid-liquid, liquid-liquid or gas-liquid. TLC is a solid-liquid form of chromatography
where the stationary phase is normally a polar absorbent and the mobile phase can be a single or
combination of solvents. TLC is a quick, inexpensive microscale technique that can be used to
determine the number and verify the components of a mixture by comparing with standards,
monitor the progress of a reaction, determine appropriate conditions for column
chromatography, and analyze the fractions obtained from column chromatography (Atlas, 2010).
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In our experiments, we will be using a silica plate as a solid polar mobile phase while the mobile
phase is going to be composed of a mixture of two organic solvents: acetone and chloroform.
We will be using TLC in order to verify the identities of the products of the reaction being
performed in the experiments; in order to do so, we will spot indigo and indirubin standards next
to the samples obtained from the reaction so that we can verify that these are the components in
the samples. To compare them, we will do it qualitatively by looking if they have travelled the
same distance, and quantitatively by calculating the retention factor (Rf) for each spot, which is
calculated from the ratio of the distance the spot travels to the distance the mobile phase travels.
If two spots travel the same distance or have the same Rf value then we can say that the
components are most likely the same molecule.
In the UV-vis spectrophotometer, a beam of light from a visible and/or UV light source is
separated into its component wavelengths by a prism or diffraction grating. Each
monochromatic (single wavelength) beam, in turn, is split into two equal intensity beams by a
half-mirrored device. One beam, the sample beam, passes through a small transparent container
(cuvette) containing a solution of the compound being studied in a transparent solvent. The other
beam, the reference, passes through an identical cuvette containing only the solvent. The
intensities of these light beams are then measured by electronic detectors and compared. The
intensity of the reference beam, which should have little or no light absorption, is defined as I0.
The intensity of the sample beam is defined as I. Over a short period of time, the
spectrophotometer automatically scans all the component wavelengths in the manner described.
The ultraviolet (UV) region scanned in these experiments is from 190 nm to 900 nm, where the
visible portion is from 400 to 800 nm. If the sample does not absorb light at a given wavelength,
I = I0. However, if the sample does absorb light, this difference can be plotted on a graph versus
wavelength, where this difference in absorbance is plotted in the y-axis and the wavelength, in
nanometers, in the x-axis. Absorption may be presented as transmittance T, where T = I/I0, or
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absorbance A, where A= log I0/I. The range used for these experiments is from 0, where there is
a 100% transmittance, to 2, where there is a 1% transmittance. The organic solvents used for
these experiments are ethyl acetate and DMF.
Because the absorbance of a sample will be proportional to its molar concentration in the
sample cuvette, a corrected absorption value known as the molar absorptivity (ε) is used when
comparing the spectra of different compounds. This is defined in the relationship called Beer’s
Law, where A  εlc, where A is the absorbance, c is the concentration, and l is the length of the
light path through the cuvette in centimeters (Owen, 2000).

3. Materials and Methods:
The goal of the experiments is to find the combination of variables that results in the highest
yield by changing the experimental conditions. The conditions are going to be changed one at a
time. The conditions we are going to have as a base or control in Table 1. These conditions are
going to be kept constant during the experiments; just one of them is going to be changed so that
the effect of each variable can be analyzed.
Table 1. Control conditions
Control conditions
Media
TB
1 M IPTG
50 µL
1 M thiamine HCl
50 µL
1 M δ-Ala
25 µL
Induction time
48 hours

The variables for each condition can be seen in Table 2:
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Table 2. Variables for the experimental conditions.

Media
TB
Variables
LB

1 M IPTG
(µL)
0
10
20
30
40
50

Conditions
1 M thiamine HCl
1 M δ-Ala
(µL)
(µL)
0

0

50

25

Induction time
(hours)
24
36
48
72
96

3.1 Materials:
The materials needed to perform the experiments are TB broth, LB broth, ampicillin (100
mg/mL), 50% glycerol, the inducer IPTG, 1 M thiamine HCl, 1 M δ-Ala, ethyl acetate, silica
plate, indigo, indirubin, N,N-dimethylformamide (DMF), methanol, acetone, and chloroform.
TB and LB broth was used as the media where E.coli cultures grew during the experiment.
Glycerol was used to prepare the glycerol stocks. Ampicillin along with TB and LB broth was
used to prepare the primary cultures. Thiamine and aminolevulinic acid were the supplements
that were added to the cultures according to the corresponding conditions. Ethyl acetate and
DMF were used during the extraction process; ethyl acetate was used to separate the products of
the reaction, indigo and indirubin, from the organic layer in the separatory funnel and the rotary
vaporization. DMF was used as the solvent to measure the absorbance of each sample in the
UV-vis spectrophotometer. Methanol, acetone and chloroform were used during the thin layer
chromatography (TLC): while chloroform and acetone were used as the mobile phase, methanol
was used to prepare the indigo and indirubin standards.
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3.2. Methods:
The way most of the experiments were set up is in sets of 250-mL Erlenmeyer flasks. In
each set, each flask had its replica. For a more visual explanation, Figure 1 shows the first set of
250 mL Erlenmeyer flaks where each flask has a replica.

Figure 1. First set of 250 mL Erlenmeyer flasks
Media preparation. 50 mL of media per flask was used during the experiments. The media
was 0.049 g/mL TB broth and 0.025 g/mL LB broth in distilled water. The media was
autoclaved using the Liq 20 cycle characterized by a purge time of 1 minute, a sterilization time
of 20 minutes, and a sterilization temperature of 121ºC.
Glycerol stock preparation. 500 µL of 50% glycerol and 500 µL of overnight culture were
added to each cryogenic flask and stored in the freezer at -80 °C (Tolia et al., 2006).
Primary cultures preparation. Bacterial cultures were prepared by inoculating 5 mL LB
media containing 5 µL of ampicillin with the glycerol stock. These cultures were grown
overnight (16 hours) at 30ºC and shacking at 250 rpm.
Induction and addition of supplements. 500 µL of primary bacterial culture and 50 µL of
ampicillin were added to each 50 mL media solution, which were placed in the shaker at 37ºC
until the OD at 600 nm reached values in the range of 0.6-0.8, which took an average of 2 hours
and 20 minutes (Tolia et al., 2006). Once the OD was in this range, the amount of IPTG,
thiamine, and δ-aminolevulinic acid were added to each flask according to the corresponding
conditions (Tolia et al., 2006). The flasks were left in the shaker for the corresponding amount
of time (24, 36, 48, 72, or 96 hours) at 30ºC.
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Figure 2. Extraction using separatory funnels
Extraction. The replicas were mixed together and placed in separatory funnels (Fig 2). 25
mL of ethyl acetate were added in each separatory funnel and left to stand at room temperature
after shaking and venting. After 24 hours, the solutions were centrifuged so that the separation
between the organic and aqueous layer was clearer. After centrifugation, the pH of some flasks
was measured in order to observe if the pH played a role in indigo and indirubin production.
The organic layer, laying on the top, was placed in a round bottom flask and concentrated
through rotary evaporation (Fig 3) while the inorganic layer, which was on the bottom, was
discarded.


Figure 3. Rotary evaporation
UV-vis spectrophotometry: analysis of samples. 2 mL of DMF were added to each round
bottom flask (Fig 4). After mixing, the solutions were placed in a labeled vial (Fig 5). The
absorbance values and complete scans were obtained through the UV-vis spectrophotometer;
these data was used to determine the highest yield of indigo and indirubin. The samples were
placed in Eppendorf tubes and stored in the refrigerator at -85 ˚C (Fig 6).
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Figure 4. Sample obtained after rotary evaporation with 2 mL of DMF.

Figure 5.Vial with sample

Figure 6. Samples stored in Eppendorf tubes
Thin layer chromatography. The mobile phase was composed of 97 mL of chloroform
and 3 mL of acetone. Four dots were spotted in the silica plate (Figure 7). The first one and the
last one starting from the left are standard indigo and standard indirubin, respectively. The
indigo standard solution was prepared by adding 10 mL of methanol to 1 mg of indigo standard;
the indirubin standard was prepared by adding 0.3 mL of methanol to 0.8 mg of indirubin
standard. The second and third point starting from the left were prepared by using two random
solutions from the experiments; while one of them corresponds to a sample with all the
supplements and incubated for 48 hours, the incubation time for the other one was 72 hours.

Figure 7. TLC spots
Serial dilutions to determine the molar absorptivity values. The value for the molar
absorptivity required to calculate the concentration of indigo and indirubin in each sample was
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determined using serial dilutions. Starting from a 0.001 g/mL concentration for both indigo and
indirubin, 1 µL and 1.5 µL were taken and diluted using DMF as the solvent. Then, the
absorbance at 610 nm and 546 nm respectively were taken and these values were used to
calculate the molar absorptivity through Beer’s Law.

4. Reaction:
Figure 8 shows the reaction that takes place in the experiments. This reaction starts with
indole, which is oxidized to indoxyl, an unstable product that undergoes oxidation and
dimerization to form indigo. Isatin and indirubin are other products that are also formed. Isatin
results from the further oxidation of indoxyl while indirubin is the dimerization product of isatin
and indoxyl (E. M. J. Gillam et al., 2000 and E. M. Gillam et al., 2001).

Figure 8. Reaction
5. Results and Discussion:
5.1. Thin Layer Chromatography (TLC):
In order to demonstrate that the products of the reaction performed in the experiment were
indigo and indirubin, a thin layer chromatography (TLC) was performed. In Figure 9, we can see
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the results of the TLC. In the silica plate, there are four samples spotted. The first one starting
from the left is blue and corresponds to the indigo standard; the second and third one are two
samples chosen from the experiments. The criteria used when choosing the vials was based on
the color of the vials; the intent was to select two vials with strong colors. The one in the left
side corresponds to vial with TB media and supplements; the one in the right corresponds to the
TB media with the incubation time of 72 hours and it is from a solution whose color is a strong
blue (Figure 5). The fourth spot is pink/purple and corresponds to the indirubin standard.

Figure 9. TLC results right after TLC (left) and two days after (right)

Solvent front

5.55 cm

3.25 cm

5.50 cm

5.30 cm

3.3 cm

3.25 cm

1.7
cm

5.20 cm

1.75
cm

1.47
cm

Figure 10. Retention factor values measurement
We can analyze the resulting plate qualitatively and quantitatively. Qualitatively, it can be
seen that the two spots corresponding to the two chosen samples are separated in to two
compounds; we know these are indirubin and indigo because the blue spot is at the same
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position as the indigo standard spot and the pink/purple spot corresponds with the spot
corresponding to the indirubin standard spot. From the plate, it can also be observed that
indirubin is more polar than indigo since it travels less distance. Quantitatively, we can calculate
the retention factor (Rf) values and compare them. The ones that are the closest to each other are
going to indicate that they are the same compound. In Figure 10, the distance travelled by each
spot is measured. In Table 3, the retention factor values are calculated dividing the distance
travelled by each spot by the distance travelled by the solvent (solvent front).
Table 3. Results from TLC
Distance travelled (cm)
Indigo standard

3.25

Sample 1 (indigo)

3.25

Sample 1 (indirubin)

1.70

Sample 2 (indigo)

3.30

Sample 2 (indirubin)

1.75

Indirubin standard

1.47

Rf

3.25
 0.5856
5.55
3.25
 0.5909
5.50
1.70
 0.3091
5.50
3.30
 0.6226
5.30
1.75
 0.3302
5.30
1.47
 0.2827
5.20

On one hand, the retention factor of the spot belonging to the indigo standard solution is
0.5856, which is really close to the retention factor belonging to the second mark of the sample 1
spot; it is also fairly close to the second mark of the sample 2 spot whose value is 0.6226.
On the other hand, the retention factor of the spot belonging to the indirubin standard
solution is 0.2827, which is fairly close to the first mark of the sample 1 spot whose value is
0.3091 and to the first mark of the sample 2 spot whose value is 0.3302.
From these results, we verify that samples 1 and 2 are a mixture of indigo and indirubin
since each of these spots is separated in two marks where the first one travels more or less the
same distance as the indirubin standard spot and the second one travels more or less the same
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distance as the indigo standard spot. These results demonstrate that the products of the reaction
performed in the experiments are indigo and indirubin.

5.2. Beer’s law calculations:
The literature values for the molar absorptivity (ɛ) for indigo at 610 nm is 22140 M-1cm-1
and that the molar absorptivity (ɛ) for indirubin at 546 nm is 9340 M-1cm-1 (Seixas De Melo et
al., 2004). In this thesis, the value of the absorbance at 546 nm and 610 nm has been measured
in the UV-vis spectrophotometer and the molar absorptivity has been calculated and used to
calculate the exact indirubin and indigo concentration in each sample.
In order to find the conditions that result in the highest amount of indigo and indirubin as
products and how each variable affects the results, the concentration of each component was
calculated in each sample using the absorbance readings from the UV-vis spectrometer and the
experimental values for the molar absorptivity.
As the Beer's law states, A  εbc, where A is the absorbance, c is the concentration, and b is
the length of the light path through the cuvette in centimeters, which is 1cm for all the samples
(Owen, 2000). In each of the samples, a value for the absorbance (A) has been obtained using
the UV-vis spectrophotometer. Knowing the absorbance (A), the molar absorptivity (ɛ), and the
length of the light path through the cuvette (l), the concentrations (c) of indigo and indirubin can
be calculated.

5.2.1. Molar absorptivity calculations:
The experimental values for the molar absorptivity values for indigo and indirubin were
calculated using serial dilutions. Starting from a 0.001 g/mL concentration for both indigo and
indirubin, 1 µL (solution # 1) and 1.5 µL (solution #2) were taken and diluted to 1mL using the
DMF as the solvent. Then, the absorbance at 610 nm and 546 nm, respectively, were taken and
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these values were used to calculate the molar absorptivity through Beer’s Law: A=ɛbc (Table
4).
Table 4. Molar absorptivity experimental values for indigo and indirubin.
Solution #
1
2
1
2

Indigo
Indirubin

Wavelength
(nm)
610
546

Absorbance

ɛ (M-1 cm-1)

0.1200
0.1001
0.0608
0.0377

20950.1276
26226.9738
10614.83
9877.44

ɛ average
(M-1 cm-1)
23588.5507
10246.135

The following formulas have been used in order to calculate the concentrations in each
sample (Figure 11):

Figure 11. Equations used to calculate product concentration
The percent error between the experimental and literature molar absorptivity values for
indigo and indirubin is 6.14% and 9.70% respectively.

5.2.2. Concentration calculations:
The solutions that are analyzed using spectroscopy are mixtures that are mainly composed
of indigo and indirubin. Since these components are moderately resolved from one another, at
wavelengths λ = 610 nm and λ = 546 nm, two simultaneous equations can be used to find the
concentrations in the mixture. The absorbance of the mixture at any wavelengths is the sum of
absorbances of each component at that wavelength. For the wavelengths λ and λ,
A   bindigo ! "#$ bindirubin


A  
 bindigo ! "#$ bindirubin

Equation 1
Equation 2

20

Equations 1 and 2 can be solved for the concentration of indigo and indirubin:
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Equation 4

In order to obtain the exact indigo and indirubin concentration values, equation 3 and 4
were used (Harris, 2010).
The following tables (Table 5-12) and their corresponding graphs (Figures 12-15) present
the exact concentration of indigo and indirubin along with the absorbance values for each
sample, each of which is the result from the average of at least 3 replicas.
The following sections present the effect of each condition by observing the results when
changing one condition at a time from the control conditions (Table 1).

5.3. Effect of conditions:
5.3.1. IPTG effect:
In order to find out what is the effect of the amount of the inducer IPTG, the data of the
control conditions (Table 1) and the data where the amounts of ITPG (10 µL, 20 µL, 30 µL, 40
µL, and 50 µL) are changed one at a time is compared (Table 5).
Table 5. Experimental conditions used to analyze IPTG effect

Media
Temperature
1M IPTG
1M thiamine HCl
1 M δ-Ala
Induction time
Light amount

1
TB
30ºC
0 µL
50 µL
25 µL
48 h
Light

Variables for IPTG amounts
2
3
4
5
TB
TB
TB
TB
30ºC
30ºC
30ºC
30ºC
10 µL 20 µL 30 µL 40 µL
50 µL 50 µL 50 µL 50 µL
25 µL 25 µL 25 µL 25 µL
48 h
48 h
48 h
48 h
Light Light Light Light

6
TB
30ºC
50 µL
50 µL
25 µL
48 h
Light
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Table 6. Absorbance readings average when changing IPTG amounts.
IPTG amount (µL)
0
10
20
30
40
50

IPTG effect
A546
A610
0.0239
0.01275
0.211
0.1844
0.1624
0.1092
0.2319
0.1559
0.12905 0.09255
0.27285 0.38155

[indirubin]
2.0008E-06
1.5281E-05
1.2847E-05
1.8346E-05
1.0017E-05
1.5013E-05

[indigo]
4.4053E-07
7.0537E-06
3.9874E-06
5.6924E-06
3.4229E-06
1.5425E-05

IPTG influence in absorbance
Concentration (M)

2.5000E-05
2.0000E-05
1.5000E-05
1.0000E-05

[indirubin]

5.0000E-06

[indigo]

0.0000E+00
0 µL

10 µL 20 µL 30 µL 40 µL 50 µL
IPTG amount (µL)

Figure 12. IPTG effect on absorbance readings
The effect of the different amounts of the inducer IPTG was analyzed (Table 6) and it was
observed that the amount where the concentration of indigo and indirubin was the highest was at
50 µL and 30 µL respectively. However, 50 µL of IPTG gives the best results for both indigo
and indirubin.

5.3.2. Induction time effect:
Table 7. Experimental conditions used to analyze induction time amount effect

Media
Temperature
1M IPTG
1M thiamine HCl
1 M δ-Ala
Induction time
Light amount

Variables for induction time amount
1
2
3
4
5
TB
TB
TB
TB
TB
30ºC
30ºC
30ºC
30ºC
30ºC
0 µL 10 µL 20 µL 30 µL 40 µL
50 µL 50 µL 50 µL 50 µL 50 µL
25 µL 25 µL 25 µL 25 µL 25 µL
24 h
36 h
48 h
72 h
96 h
Light Light Light Light Light
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Table 8. Absorbance readings when changing induction time amount
Induction time effect
Induction time
(h)
24
48
72
96
120

A546

A610

[indirubin]

[indigo]

0.07365
0.256533
0.31225
0.54925
0.05475

0.2395
0.306867
0.3144
0.3464
0.0252

-4.7641E-07
1.5836E-05
2.1236E-05
4.4210E-05
4.7164E-06

1.0177E-05
1.2218E-05
1.2267E-05
1.2476E-05
8.3263E-07

Induction time effect
7.0000E-05
Concentration (M)

6.0000E-05
5.0000E-05
4.0000E-05
3.0000E-05

[indirubin]

2.0000E-05

[indigo]

1.0000E-05
0.0000E+00
-1.0000E-05

24 h

48 h

72 h
96 h
Induction time

120 h

Figure 13. Induction time effect on absorbance
The different amount of time of induction was analyzed (Table 8) and the highest
concentrations of both indigo and indirubin were the highest at 96 hours respectively (Figure
13). However, as it can be seen, for indigo, the concentration obtained at 24, 48, 72, and 96
hours is really close so all these time incubation times can be used.

5.3.3. Media type effect:
Table 9. Experimental conditions used to analyze media type effect
Conditions
Set 1
Media
TB
LB
Temperature
30ºC 30ºC
1M IPTG
50 µL 50 µL
1M thiamine HCl 50 µL 50 µL
1 M δ-Ala
25 µL 25 µL
Induction time
48 h
48 h
Light amount
Light Light

Set 2
TB
LB
30ºC
30ºC
50 µL 50 µL
50 µL 50 µL
25 µL 25 µL
48 h
48 h
Dark
Dark

Set 3
TB
LB
30ºC
30ºC
50 µL 50 µL
0 µL
0 µL
0 µL
0 µL
48 h
48 h
Light Light

Set 4
TB
LB
30ºC
30ºC
50 µL 50 µL
50 µL 50 µL
0 µL
0 µL
48 h
48 h
Light Light

Table 10. Absorbance readings average when changing media type
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CONDITIONS

Media type (TB vs LB) effect
A546
A610
[indirubin]

[indigo]

TB
LB

0.2565
0.0362

0.3069
0.0482

1.5836E-05
2.0687E-06

1.2218E-05
1.9379E-06

TB, dark
LB, dark

0.2172
0.0953

0.1593
0.0517

1.6736E-05
7.9530E-06

5.9180E-06
1.7933E-06

TB, no supplements
LB, no supplements

0.0497
0.0168

0.0862
0.0152

2.1771E-06
1.1995E-06

3.5434E-06
5.8444E-07

TB, no ALA
LB, no ALA

0.0678
0.0140

0.0763
0.0058

4.3401E-06
1.2223E-06

3.0192E-06
1.8480E-07

Media type (TB vs LB) effect
2.5000E-05
2.0000E-05
1.5000E-05
1.0000E-05

[indirubin]

5.0000E-06

[indigo]

0.0000E+00
-5.0000E-06

TB

LB

TB, LB,
no
no
ALA ALA

TB, LB,
no
no
suppl suppl

TB, LB,
dark dark

Figure 14. Media type effect on absorbance readings
The effect of using TB versus using LB was analyzed (Table 10 and Figure 14) and it was
observed that TB was better for both indigo and indirubin production.

5.3.4. Supplements effect:
Table 11. Experimental conditions used to analyze supplement effect
Conditions
Media
Temperature
1M IPTG
1M thiamine HCl
1 M δ-Ala
Induction time
Light amount

Set 1

Set 2

TB
30ºC
50 µL

TB
30ºC
50 µL

LB
30ºC
50 µL

LB
30ºC
50 µL

50 µL
25 µL
48 h
Light

0 µL
0 µL
48 h
Light

50 µL
25 µL
48 h
Light

0 µL
0 µL
48 h
Light

Table 12. Absorbance readings average when studying supplements effect
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Supplements (presence vs absence) effect
CONDITIONS
A546
A610
[indirubin]

[indigo]

TB, supplements
TB, no supplements

0.2008
0.0497

0.1285
0.0862

1.6103E-05
2.1771E-06

4.6408E-06
3.5434E-06

LB, no supplements
LB, supplements

0.0168
0.0362

0.0152
0.0482

1.1995E-06
2.0687E-06

5.8444E-07
1.9379E-06

Supplements effect
2.0000E-05
1.5000E-05
1.0000E-05

[indirubin]
[indigo]

5.0000E-06
0.0000E+00
TB, suppl TB, no suppl LB, no suppl LB, suppl
-5.0000E-06

Figure 15. Supplements (presence vs absence) effect on absorbance readings
The effect of the presence or lack of the supplements, thiamine and aminolevulinic acid,
was analyzed (Table 12) and all the cases indicate that the presence of the supplements helps to
the production of indigo and indirubin in the reaction.

5.3.5. Summary and observations:
As it can be seen in the previous tables and graphs (Table 5-10 and Figures 12-17), all the
data was organized in 4 groups corresponding to the 4 conditions that, one at a time, were
changed in order to observe the effect each condition had in the concentration of the products.
These conditions are the media, inducer, supplements, and induction time effect.
In the following table (Table 19), the conditions that gave the highest concentrations of
indigo and indirubin are presented:
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Table 13. Optimal conditions for indigo and indirubin production
Best variables
Induction time Thiamine

Effect on:

Media

IPTG

Media

TB

TB

TB

TB

TB

IPTG
Induction time
Thiamine
δ-Ala

50 µL
48 h
50 µL
25 µL

10 µL
48 h
50 µL
25 µL

50 µL
96 h
50 µL
25 µL

50 µL
48 h
50 µL
25 µL

50 µL
48 h
50 µL
25 µL

δ-Ala

As observed in Table 13, the conditions that resulted in the highest indigo and indirubin
yield were found to be TB for the medium, 50 µL of IPTG, 96 hours for the induction time, and
the presence of supplements.
However, the absorbance readings were not completely accurate because, in most of the
cases, after centrifugation during the extraction process, blue pigmentation could be observed at
the bottom of the flask, which can be seen in Figure 16.

Figure 16. Culture after centrifugation during extraction
Figure 16 corresponds to a picture taken of one of the containers with the culture (bottom
layer) with ethyl acetate (top layer) after centrifugation. At this point, in order for the absorbance
readings to be accurate, the organic layer (top layer) should contain the entire amount of indigo
and indirubin present in the culture but, as it was observed in multiple occasions, blue
pigmentation was observed at the very bottom of the flask. The blue pigmentation is, most
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probably, indigo that has not dissolved in ethyl acetate during centrifugation, which would make
the absorbance reading inaccurate.
When performing thin layer chromatography to prove that the products of the reaction
performed in the experiment are indigo and indirubin, multiple solvents were tested to see in
which one indigo and indirubin could completely dissolve. Ethyl acetate was found to be a poor
dissolvent, especially for indigo. Thus, it is expected for indigo not to dissolve completely in this
step.
In some occasions, the pH was taken after induction. The pH of the media that presented
blue beads and, in general, blue color, was consistently found to be in the range of 9.8-9.9 while
the pH of the media that did not present any blue appearance or blue beads, which later resulted
in poor absorbance readings, was in the range of 8.2-8.3. This could mean that indigo and/or
indirubin is produced at higher pH, which can lead to future research to try this procedure but at
a higher pH, and observe if the bacteria perform better.

6. Conclusions:
In conclusion, the thin layer chromatography (TLC) plate and the UV-vis absorbance
readings and scans were the data required to prove which products were the result of the reaction
performed in the experiment, and to find out what conditions were the ones that gave the highest
yield of the these products while showing how the change in conditions affect the reaction.
From the TLC, the resulting silica plate showed how the samples from the reaction yielded
both indigo and indirubin, which were represented by two separated marks on the plate. This is
also supported by the results obtained in the calculation of the retention factor. The retention
factor of the spot belonging to the indigo and indirubin standard solution (0.5856 and 0.2827)
were really close to the retention factor values for the samples (0.6067, 0.3196) suggesting that
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the compound was the same in each case. With these results, it is proven that the products of the
reaction performed in the experiments are indigo and indirubin.
The UV-vis absorbance readings and scans were used in order to find the condition that
gave the highest yield of indigo and indirubin while analyzing how the change in different
variables affected the reaction. These conditions were found to be TB for the medium, 40 µL of
IPTG, the presence of supplements, and 96 hours for the induction time.
However, the measurements were not consistent throughout the experiments, which can be
caused by the fact that ethyl acetate was not a good solvent to use during the extraction process.
There are other parameters which are not being taken into account that are affecting the behavior
of the bacteria when producing indigo and/or indirubin, and possible flaws in the
spectrophotometer used to record the absorbance. In order for the measurements to be more
accurate or, in order to finally be able to control the indigo and indirubin production, different
suggestions are recommended, as follows:
As seen during thin layer chromatography, indigo is insoluble in ethyl acetate and soluble
in DMF and that is the reason why, after centrifugation, blue traces could be observed in
multiple flasks. A solution to this problem could be to use DMF to rotovap instead, which was
not done during the experiments because of DMF’s elevated boiling point. However, if a solvent
with a relatively low boiling point in which indigo was soluble was found, it could be used to
rotovap which would prevent loss of product during the extraction process. Another solution to
this problem could also be to use smaller volumes of culture with the same volume of solvent to
see if the solvent is able to dissolve the entire amount of indigo and indirubin in the samples.
Another solution involves adjusting pH and see how it affects indigo an indirubin
production. While the pH of the media that produced blue beads was consistently in the range of
9.8-9.9, the pH of the media that did not present any blue appearance, which resulted in
relatively poor absorbance readings, was in the range of 8.2-8.3. This suggests that higher pH
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could be an important factor in controlling indigo and indirubin production, which could be used
for future research.
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